ments have demonstrated that mice with a deletion of receptors on the cilia of sensory neurons in the olfactory both Dlx-1 and Dlx-2 lack mature GABAergic olfactory epithelium. Each olfactory neuron projects a single unbulb interneurons, namely the periglomerular and granbranched axon to the brain, where it synapses with the ule cells. These mutant mice also exhibit defects in the dendrites of mitral/tufted and periglomerular cells of the differentiation of most striatal projection neurons and olfactory bulb. These synapses are confined to ‫0081ف‬ neocortical interneurons (Anderson et al., 1997a (Anderson et al., , 1997b . discrete loci or glomeruli within the mammalian olfactory Projection neurons of the olfactory bulb express a disbulb (Royet et al., 1989) . In mammals, the repertoire of tinct set of transcription factors including T-brain-1 (Tbr-1), a mammalian brachyury homolog (Bulfone et al., 1995) . In this study, we demonstrate that mice with ‡ To whom correspondence should be addressed (e- tion neurons, suggesting that it may function in the control of differentiation of the mitral and tufted cells (BulIn previous experiments, we have used targeted mutagenesis to generate strains of mice in which neurons fone et al., 1995). We have therefore used gene targeting to generate mice with a homozygous deficiency in the that express the P2 olfactory receptor also express taulacZ, a fusion of the microtubule-associated protein tau Tbr-1 gene. The mouse Tbr-1 gene is encoded by six exons. A targeting vector was constructed that contains and ␤-galactosidase. In mice bearing this modified gene (P2-IRES-tau-lacZ), it is possible to follow the pattern a replacement of 1.9 kb of Tbr-1 DNA, including all of of projections of P2 neurons to two distinct glomeruli exons 2 and 3, with an expression cassette encoding in each olfactory bulb (Mombaerts et al., 1996) . Genetic the neomycin resistance gene (PGK neo) ( Figure 1A ). crosses between P2-IRES-tau-lacZ mice and mice defiSince exons 2 and 3 contain 92 amino acids that code for cient in Tbr-1 reveal a convergence of P2 axons to one the putative DNA binding domain of Tbr-1, this targeting medial and one lateral site at positions analogous to strategy is likely to generate a null allele. The deduced those observed in wild-type mice. A similar pattern of Tbr-1 protein consists of 682 amino acids. In the Tbr-1 convergence of P2 axons is observed in crosses with mutant allele, splicing of the 3Ј end of exon 1 to the 5Ј mice mutant for Dlx-1 and Dlx-2. These observations end of exon 4 would generate a truncated protein of 249 suggest that the establishment of a topographic map is amino acids, containing 231 amino acids coming from the not dependent upon cues provided by the major neufirst exon of Tbr-1 and 18 amino acids (WWFYSPCTSTS ronal cell types in the olfactory bulb-the mitral/tufted PVCTWWK) coming from the out-of-frame sequence of cells or the GABAergic interneurons. Moreover, the esexon 4. tablishment of the map does not appear to be dependent The targeting vector was electroporated into the JM1 upon synapse formation with the output neurons of the line of ES cells, and 11 neomycin-resistant clones that olfactory bulb.
had undergone homologous recombination at the Tbr-1 locus were identified by Southern blotting ( Figure 1B ).
Results
The ES clones were karyotyped and then injected into C57 BL/6 blastocysts. Two independent mouse cell lines with the deletion of exons 2 and 3 were derived from Figures  3L, 3N, and 3P ). The loss of cells expressing genes characteristic of projection neurons is apparent early in the development of the olfactory bulb. Mitral and tufted cells are present in the bulb primordium at around embryonic day 13 (E13). By E14.5, the mitral cell markers Id-2 and Tbr-1 are apparent in cells in the developing olfactory bulb ( Figures 3A and 3C ). Id-2 and Tbr-1 expression are greatly reduced in the E14.5 olfactory bulb of Tbr-1-deficient mice ( Figures 3B and 3D ), whereas their expression continues in the cerebral cortex. At this stage, synapses between sensory axons and mitral cells are first present in the olfactory bulb (Hinds and Hinds, 1976a, 1976b) . At E16.5, the mitral cell layer is clearly identified by in situ hybridization using neurotensin (NT), a mitral cell marker ( Figure 3E (Mombaerts et al., 1996) . We have therefore pare the precise position of the P2 glomerulus in mutant and wild-type animals. For example, the P2 glomerulus crossed homozygous P2-IRES-tau-lacZ mice with mice heterozygous for the Tbr-1 deficiency to ultimately obin the mutant bulb is deeper than is observed in wild type ( Figures 5D and 5F ). Nonetheless, the presence tain homozygous Tbr-1 mutants that also carry a P2-IRES-tau-lacZ allele. Analysis of the patterns of projecof a single ventromedial and ventrolateral glomerulus approximates the pattern of P2 glomeruli in the wildtions of P2 neurons reveals the convergence of blue fibers to one medial and one lateral glomerulus in both type olfactory bulb. Convergence to these glomeruli is observed in each of the seven Tbr-1 Ϫ/Ϫ mice examined. control and Tbr-1 mutant mice. The convergence of P2 fibers is apparent both on whole mount analysis and on These observations suggest that projection neurons Figures 6F and 6G) . Dlx-1/Dlx-2 mutant animals exhibit no detectable glutamic acid decarboxylase-67 (GADThe development of the two major neuronal cell types in the olfactory bulb, the projection neurons and the 67) expression in the olfactory bulb, a marker for the is not sufficiently sensitive to be performed on neonatal animals, precluding a more precise definition of the relaneurons or interneurons has allowed us to determine the contribution of these two neuronal populations to the tive position of the P2 glomeruli in the Tbr-1 and Dlx-1/ Dlx-2 mutants. Nonetheless, the convergence of P2 axgeneration of a spatial map. In other sensory systems, it is thought that a coarse topographic map is initially ons to positions that approximate their wild-type location strongly suggests that the appropriate guidance generated during development by spatially patterned guidance cues in the target that are recognized by specues necessary to establish this complex topographic map do not require the presence of either the projection cific receptors on the growth cones of sensory axons. This pattern is then subsequently refined by coordinated neurons or interneurons within the olfactory bulb. It remains possible that both the projection neurons neural activity to achieve a precision of connections between the periphery and the brain. and the interneurons express redundant spatial cues, such that the presence of either neuronal population is The projection neurons and interneurons in the bulb could contribute to the patterning of sensory projections adequate to guide sensory axons to their appropriate glomerular target. We have attempted to address this either by elaborating guidance cues or by participating in activity-dependent refinement of synaptic connecpossibility by generating triple mutant mice (Tbr-1 Ϫ , Dlx-1/Dlx-2 -) that express the P2-IRES-tau-lacZ allele. tions. When mice deficient in either Tbr-1 or Dlx-1/Dlx-2 are crossed with mice bearing the P2-IRES-tau-lacZ alWe have recently obtained these recombinant strains (Tbr-1 and Dlx-1/Dlx-2 each reside on chromosome 2), lele, lacZ expression is observed in the expected subset of sensory neurons within the appropriate zone of the and preliminary analysis reveals that the olfactory bulb is deficient in both neuronal cell types. As a conseolfactory epithelium. Moreover, the axons from these P2 neurons project to the olfactory bulb, where they quence, the bulb is markedly hypoplastic and anatomically deformed, rendering it difficult if not impossible to converge upon one glomerulus on both the medial and lateral aspects of the bulb. Although the olfactory bulb interpret the projection patterns of incoming sensory axons. Thus, we cannot exclude the unlikely possibility is hypoplastic, and the histological organization is abnormal in both the Tbr-1 and Dlx-1/Dlx-2-deficient mice, that the presence of either projection neurons or GABA ergic interneurons alone is adequate to establish the the relative positions of both the medial and lateral P2 glomeruli roughly approximate their position in wild-type olfactory sensory map. What other cell types may be the source of putative mice.
It is possible to obtain a more precise representation guidance cues in the olfactory bulb? One attractive candidate is the radial glia, a transient population of cells of the topographic map by performing in situ hybridization to the olfactory bulb with probes for different odordetectable as early as E14 in the developing olfactory bulb (Valverde et al., 1992) . Radial glia extend processes ant receptor mRNAs, a procedure which demonstrates throughout the bulb primordium, terminating at the rethat odor-evoked activity is not required for the establishment or refinement of the topographic map during gion occupied by the incoming olfactory sensory axons. As development proceeds, the glia migrate outward to development. Rather, they suggest that the precision of the topographic map is a consequence of spatial cues surround individual glomeruli and are transformed into astrocytes. A preliminary examination of radial glia at elaborated by the bulb that are recognized by receptors on sensory axons. Recent data demonstrate that the E14.5 reveals that they are present in the olfactory bulbs of both the Tbr-1 and Dlx-1/Dlx-2 mutant embryos (data odorant receptor plays an instructive role in axon targeting as one determinant in the complex guidance pronot shown). In the visual system, radial glia have been implicated as the source of a graded set of guidance cess that directs axons to 1 of 1800 invariant glomerular targets. Our data indicate that the spatial information cues governing the formation of a precise map of retinal projections in the optic tectum and superior colliculus recognized by these guidance receptors must be provided by cells other than the major synaptic targets of (Vanselow et al., 1989; Wu et al., 1995; Davenport et al., 1996) . Glial cells are also essential for the development the sensory axons in the bulb and further argue that synapse formation between sensory neurons and their of glomeruli in the moth antennal lobe, the insect equivalent of the olfactory bulb (Oland and Tolbert, 1996) . bulb as targets may not be required for the establishment of the olfactory topographic map. 
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